Fusarium graminearum is a ubiquitous pathogen of cereal crops, including wheat, barley, and maize. Diseases caused by F. graminearum are of particular concern because harvested grains frequently are contaminated with harmful mycotoxins such as deoxynivalenol (DON). In this study, we explored the role of Ras GTPases in pathogenesis. The genome of F. graminearum contains two putative Ras GTPase-encoding genes. The two genes (RAS1 and RAS2) showed different patterns of expression under different conditions of nutrient availability and in various mutant backgrounds. RAS2 was dispensable for survival but, when disrupted, caused a variety of morphological defects, including slower growth on solid media, delayed spore germination, and significant reductions in virulence on wheat heads and maize silks. Intracellular cAMP levels were not affected by deletion of RAS2 and exogenous treatment of the ras2 mutant with cAMP did not affect phenotypic abnormalities, thus indicating that RAS2 plays a minor or no role in cAMP signaling. However, phosphorylation of the mitogen-activated protein (MAP) kinase Gpmk1 and expression of a secreted lipase (FGL1) required for infection were reduced significantly in the ras2 mutant. Based on these observations, we hypothesize that RAS2 regulates growth and virulence in F. graminearum by regulating the Gpmk1 MAP kinase pathway.
to humans and animals (Desjardins et al. 1996; McMullen et al. 1997) . DON is a potent inhibitor of protein synthesis in eukaryotic organisms (Kimura et al. 2001 ) and causes a variety of acute and chronic toxicoses when ingested by humans or animals (Etzel 2002; Joffe 1986 ). Due to the highly toxic nature of DON, regulatory agencies throughout the world have imposed strict guidelines and tolerances regarding its presence in grains and foods (van Egmond 2002) .
Primary infection of wheat or maize by F. graminearum occurs during specific developmental stages of the hosts. Infection of wheat can occur from the beginning of anthesis until the dough stage of kernel development and initiates when ascospores or conidia are deposited on or inside flowering spikelets (Parry et al. 1995) . After spore germination, the fungus penetrates through stomata or, more commonly, directly through floral bracts (Pritsch et al. 2000) . From the infected floret, the fungus can spread up and down the spike and cause severe damage at conducive temperatures and humidity. In maize, infection is highest 1 to 6 days after silk emergence, at which time conidia deposited on silks germinate and the fungus grows down silk channels to colonize kernels (Sutton 1982) . Unlike many plant-pathogenic fungi, F. graminearum does not produce specialized infection structures such as appressoria or haustoria during pathogenesis. Instead, colonization of tissues is facilitated primarily by the production of cell-wall-degrading enzymes such as cellulases, pectinases, and xylanases (Jenczmionka and Schafer 2005; Wanjiru et al. 2002) .
The molecular mechanisms underlying pathogenesis in F. graminearum are complex and not fully understood. The production of trichothecene mycotoxins is not necessary for initial infection but is important for the spread of the fungus within colonized spikes (Bai et al. 2002; Desjardins et al. 2000; Harris et al. 1999; Proctor et al. 1995) . Two mitogen-activated protein (MAP) kinase genes, MGV1 and GPMK1, also are involved in pathogenesis in F. graminearum. Disruption of MGV1 substantially reduces DON production and virulence; mgv1 mutants rarely spread beyond the inoculated floret (Hou et al. 2002) . Disruption of GPMK1 also impairs colonization of flowering wheat heads and the ability of the fungus to spread from inoculated florets to neighboring spikelets (Jenczmionka et al. 2003; Urban et al. 2003) . Gpmk1 regulates the early induction of extracellular endoglucanase, xylanolytic, and proteolytic activities and is responsible for the overall induction of secreted lipolytic activities (Jenczmionka and Schafer 2005) . Recently, FGL1, a gene encoding a secreted lipase, was identified as a virulence factor in F. graminearum (Voigt et al. 2005) . Additionally, analyses of mutants generated by restriction enzyme-mediated (REMI) mutagenesis led to the discovery of four genes required for wild-type levels of virulence on wheat: CBL1 and MSY1, which are required for methionine synthesis; ZIF1, which encodes a putative b-ZIP transcription factor; and TBL1, a transducin β-subunit-like gene (Seong et al. 2005) . Mutants of F. graminearum lacking homologs of the Cochliobolus heterostrophus genes CPS1, which belongs to a superfamily of genes encoding adenylate-forming enzymes, or NPS6, which is predicted to encode a nonribosomal peptide synthetase, show reduced virulence (Lee et al. 2005; Lu et al. 2003) . However, the exact roles of these genes in pathogenesis have yet to be determined.
Ras GTPases are small, conserved GTP-binding proteins that cycle between active (GTP-bound) and inactive (GDPbound) conformations to act as switches in molecular circuits. In higher eukaryotes, Ras GTPases interact with a diverse assemblage of effector molecules to regulate divergent signaling pathways, thus serving as points of convergence in signal transduction cascades (Mitin et al. 2005) . Although somewhat less is known about the functions of Ras proteins in fungi, Ras GTPases regulate processes such as hyphal growth, asexual and sexual reproduction, yeast-hyphal transitions, virulence, and programmed cell death (Lee and Kronstad 2002; Phillips et al. 2006; Toda et al. 1985; Waugh et al. 2002; Weeks and Spiegelman 2003) . In some fungi, pathogenesis is regulated at least in part by Ras GTPases (Leberer et al. 2001; Lee and Kronstad 2002) . Because of the diversity of signaling pathways regulated by Ras GTPases and their involvement with MAP kinase signal transduction networks in fungi (Ramezani-Rad 2003) , Ras-encoding genes are excellent candidates for study as pathogenicity genes in F. graminearum.
The purpose of this study was to identify genes encoding Ras GTPases in F. graminearum and determine their involvement in pathogenesis. We found that the genome of F. graminearum contains two genes (RAS1 and RAS2) predicted to encode Ras GTPases. Disruption of RAS1 proved problematic, possibly due to it being essential for viability. RAS2 was dispensable for viability but disruption resulted in slower radial growth on solid media, delayed spore germination, and female sterility. The ras2 mutant also was severely impaired in its ability to spread throughout wheat heads and corn silks despite growth and the production of DON in colonized kernels. Intracellular levels of cAMP were not affected in the ras2 mutant and phenotypic abnormalities caused by disruption of RAS2 were not ameliorated by exogenous cAMP treatment, thus indicating that RAS2 plays a minor role in cAMP signaling. However, the ras2 mutant was defective in activating the MAP kinase Gpmk1 and inducing the expression of FGL1, a secreted lipase involved in virulence. From these observations, we conclude that RAS2 interacts with the Gpmk1 MAP kinase signaling cascade required for plant infection and, thus, is a key regulatory component of virulence in F. graminearum.
RESULTS

F. graminearum contains two genes encoding putative Ras GTPases.
Ras GTPases are distinguished by two hallmark domains: a highly conserved amino terminal domain responsible for GTP binding and hydrolysis, and a hypervariable (HV) domain characterized by a cysteine-aliphatic-aliphatic-variable (CAAX) motif at the carboxy terminus that mediates membrane localization (Wright and Phillips 2006) . A tBLASTx search with Ras-2 of Neurospora crassa as the query revealed the presence of two putative Ras GTPase-encoding genes in (Chenna et al. 2003) to create a phylogram tree. Homologs of Ras1 and Ras2 cluster separately in two distinct clades. B, Expression analyses of RAS1 and RAS2 in mutant backgrounds of F. graminearum as measured by real-time quantitative polymerase chain reaction. Expression levels are normalized to β-tubulin (TUB2) expression and are presented as fold changes relative to the wild type. the genome of F. graminearum, FG09778 (designated RAS1) and FG10114 (designated RAS2). RAS1 and RAS2 are predicted to encode proteins of 217 and 235 amino acids, respectively. The two predicted proteins share 51% identity, nearly all of which occurs over the GTP binding and hydrolysis domain. Both proteins display C-terminal CAAX motifs (CVLM for Ras1 and CVVL for Ras2) and significant divergence in the HV domains. A phylogenetic analysis of putative and previously characterized Ras proteins from F. graminearum and other filamentous fungi indicates the presence of two distinct phylogenetic clades (Fig. 1A) . Ras2 from F. graminearum was 82% identical to a putative Ras GTPase from Magnaporthe grisea and 72% identical to Ras-2 from N. crassa. Among all fungal Ras proteins analyzed, the amino terminal domains were highly conserved; levels of amino acid conservation within HV domains accounted for the formation of the two clades (data not shown).
We examined the expression levels of RAS1 and RAS2 in a variety of environmental conditions and mutant backgrounds. From microarray data (Ulrich et al. 2006) , we determined that carbon starvation did not significantly alter the expression of either RAS1 or RAS2, although nitrogen starvation resulted in a 2.5-fold increase in RAS2 expression. Neither RAS1 nor RAS2 expression is significantly affected by disruption of the MAP kinase Gpmk1 or Fst12, a transcription factor activated by the Gpmk1 MAP kinase signal transduction cascade (Fig. 1B) . However, RAS1 and RAS2 show similar increases in expression when the MAPKK Fst7 or the MAPKKK Fst11 is disrupted (Fig. 1B) , thus indicating that these genes directly or indirectly regulate RAS gene expression. Interestingly, expression of RAS2 was substantially higher than RAS1 in mutants of TBL1, a transducin β-subunit-like gene, and of CpkA, which encodes a homolog of the protein kinase-encoding gene CPKA of M. grisea (Fig. 1B) . These results indicate that the two Ras-encoding genes of F. graminearum are expressed differentially in various environmental conditions and genotypic backgrounds but may be coordinately regulated by components of the Gpmk1 MAP kinase pathway.
Disruption of RAS2.
To characterize the functions of RAS2, we utilized splitmarker replacement techniques ( Fig. 2A) . Repeated attempts to disrupt RAS1 failed; considering the high efficiency of gene disruption with this technique in F. graminearum (approximately 50%), we conclude that RAS1 may be essential for viability. For RAS2, four of six hygromycin-resistant transformants obtained tested positive for a double homologous gene-replacement event when screened by polymerase chain reaction (PCR) (data not shown). Southern analysis confirmed the deletion of the entire open reading frame of RAS2 in isolate FR-1 (Fig. 2B ). To confirm that phenotypic abnormalities of strain FR-1 were directly related to the deletion of the RAS2 gene, we complemented the mutant by cloning the fulllength wild-type RAS2 allele and transforming it into the ras2 mutant. The resulting neomycin-resistant transformants were screened by PCR to confirm the presence of the wildtype RAS2 gene (data not shown). Two neomycin-resistant isolates that tested positive by PCR were designated RC-1 and RC-2, and the presence of RAS2 was confirmed by Southern blot analysis (Fig. 2B) . Because of the high frequency of Fig. 3 . Formation of perithecia in strains PH-1, FR-1, and RC-2 on carrot agar plates. Fungal strains were incubated on carrot agar for 4 weeks to induce formation of perithecia. Strain FR-1 was able to grow on the medium but failed to produce perithecia.
Fig. 2. RAS2 gene of Fusarium graminearum.
A, The RAS2 gene was replaced with a hygromycin resistance cassette in strain PH-1 via split-marker homologous recombination to create strain FR-1. For complementation, a 3.5-kb region of the RAS2 locus was amplified by polymerase chain reaction, cloned into a vector containing a neomycin-resistance cassette, and transformed into strain FR-1 to create strain RC-1. B, Southern blot analysis was performed with a probe spanning the open reading frame of RAS2. A single band corresponding to RAS2 was observed in the wild-type and complemented strains (RC-2 not shown) but was absent from the ras2 mutant. a Radial growth was measured as the diameter of colonies after 4 days incubation on potato-dextrose agar. Means and standard errors were calculated from three independent experiments. b The dry weight of mycelia and number of conidia in 100 ml of carboxymethyl-cellulose cultures were examined after incubating for 5 days. Standard error was calculated from three flasks per strain.
homologous recombination in F. graminearum and the observation that the RAS2 gene was present on restriction fragments of similar size in the wild-type and complemented strains, we hypothesize that the complementation construct integrated at the RAS2 locus.
RAS2 is dispensable for conidiation but essential for sexual reproduction. In many fungi, Ras GTPases regulate aspects of conidiation or spore germination (Boyce et al. 2005; Fortwendel et al. 2004; Kana-uchi et al. 1997 ). In F. graminearum, disruption of RAS2 had no significant effect on production of conidia (Table  1) . However, the ras2 strain failed to form perithecia on carrot agar plates (Fig. 3) , indicating that the mutant is defective in female fertility. Strain RC-2 was normal in the production of perithecia and ascospores, thus confirming that the defect in female fertility was linked to the loss of the RAS2 gene.
RAS2 regulates hyphal growth.
Disruption of Ras-encoding genes orthologous to RAS2 of F. graminearum results in morphological defects such as slower growth and colony abnormalities in several species of filamentous fungi (Boyce et al. 2005; Fortwendel et al. 2005; Kana-uchi et al. 1997) . The rate of radial growth of the ras2 mutant was significantly reduced when cultured on V8 agar plates ( Fig. 4A and B) . Similar reductions in growth were observed in the ras2 mutant when cultured on potato-dextrose agar (PDA) plates (Table 1 ). In addition, the ras2 mutant produced irregular colony margins and fewer aerial hyphae on solid media, including V8 (Fig. 4A ), complete medium (CM), and PDA (data not shown). Growth of the complemented strain was indistinguishable from the wild-type PH-1 on all media tested ( Fig. 4A ; data not shown), indicating that deletion of RAS2 accounted for the reduction in growth. Interestingly, similar amounts of fungal biomass accumulated when strains PH-1, FR-1, and RC-1 were grown in liquid carboxymethyl-cellulose (CMC) medium (Table 1) , which indicates that the reduction in growth conferred by deletion of RAS2 is conditional.
RAS2 is required for infection of wheat and maize.
To determine the role of RAS2 in pathogenesis, we inoculated wheat heads and maize silks with conidia from strains PH-1, FR-1, and RC-1. On wheat heads inoculated with strains PH-1 and RC-1, scab symptoms developed first on inoculated spikelets and spread rapidly to uninoculated spikelets (Fig. 5A) . In contrast, wheat heads inoculated with strain FR-1 developed scab symptoms only on inoculated spikelets. Disease index scores for the three strains showed a nearly 10-fold reduction in virulence for the FR-1 strain compared with strains PH-1 and RC-1 (Fig. 5B) . Interestingly, despite a dramatic reduction in virulence, the FR-1 strain produced DON at an average of 180 ppm in scab kernels after 14 days of growth, which was similar to the average production of strains PH-1 (190 ppm) and RC-1 (300 ppm) after 14 days.
Infection of maize ears by F. graminearum occurs when the fungus colonizes living silk tissue and grows down silk channels. To determine whether RAS2 has a role in virulence on maize, we inoculated silk tissue with the PH-1, FR-1, and RC-1 strains. Strains PH-1 and RC-1 were able to colonize silks, whereas the FR-1 strain was severely limited in its ability to grow on silk tissue (Fig. 5C ). However, DON levels in inoculated maize kernels were similar among the three strains (data not shown).
To verify that the reduced virulence of the ras2 mutant was not caused by an inability to grow on wheat or maize kernels, we quantified the growth of strains PH-1, FR-1, and RC-2 by measuring ergosterol levels in inoculated kernels. After 4 days of growth, ergosterol levels were similar among kernels inoculated with the three strains (Fig. 5D) , and kernel colonization was visually indistinguishable among the three strains (data not shown). These results indicate that RAS2 has an important role in pathogenesis on at least two of its host species independent of growth and DON biosynthesis.
RAS2 affects conidial germination but is not involved in cAMP signaling.
In wild-type strains of F. graminearum, asexual spores (conidia) germinate within hours of exposure to favorable environmental conditions (Beyer et al. 2004) . Germ tube emergence is typically bipolar, with a strong bias in favor of emergence from apical rather than internal cells of conidia (Harris 2005) . Because conidia play key roles in diseases caused by F. graminearum, we determined the effect of the ras2 mutation on spore germination. Disruption of RAS2 had no significant effect on patterns of germ tube emergence (data not shown) or the percentage of conidia that germinated (Fig. 6A) . However, conidia of the ras2 strain germinated more slowly than either the wild-type or the complemented strain (Fig. 6A) , indicating that RAS2 is involved in regulating germination.
In the F. graminearum genome, three proteins are predicted to contain Ras-association (RA) domains: homologs of yeast proteins Ste50, Ste11, and adenylate cyclase. In Saccharomyces cerevisiae and Candida albicans, adenylate cyclase is activated by Ras GTPases and disruption of Ras-encoding genes in either organism results in defective cAMP signaling (Fang and Wang 2006; Toda et al. 1985) . To determine the role of RAS2 in cAMP signaling in F. graminearum, we assayed the intracellular levels of cAMP in strains PH-1, FR-1, RC-1, and a mutant disrupted in the gene-encoding adenylate cyclase (MAC1) as a control. Intracellular cAMP levels were comparable among strains PH-1, FR-1, and RC-1 (Fig. 6B) , which indicates that RAS2 does not regulate cAMP production. To determine whether the delay in conidial germination of the ras2 strain resulted from defects in cAMP signaling, germination experiments were repeated for the three strains in the presence of 10 mM cAMP. Interestingly, exogenous cAMP did not suppress the slower germination of ras2 conidia; in fact, treatment with cAMP delayed spore germination in all three strains (Fig. 6A) . These results indicate that cAMP signaling is intact in the ras2 strain and that RAS2 plays only a minor, if any, role in cAMP-mediated processes.
RAS2 is involved in the activation of Gpmk1 but not Mgv1.
Ras proteins are known to activate MAP kinase signal transduction pathways (Lee and Kronstad 2002; Masuda et al. 1995; Weeks and Spiegelman 2003) . In F. graminearum, Mgv1 and Gpmk1 are two MAP kinases essential for pathogenesis. To determinate whether Ras2 is involved in the activation of Mgv1 or Gpmk1, we assayed the phosphorylation of these two MAP kinases in strains PH-1, FR-1, and RC-1. Total protein extracts isolated from vegetative hyphae of PH-1 showed low levels of Gpmk1 phosphorylation and even lower levels of Mgv1 activation (Fig. 7) . In the FR-1 strain, phosphorylation of Gpmk1 was significantly reduced (Fig.  7) , whereas the activation of Mgv1 was unaffected (Fig. 7) . In strain RC-1, levels of Gpmk1 and Mgv1 phosphorylation were indistinguishable from strain PH-1 (Fig. 7) . These data indicate that RAS2 is required for wild-type levels of Gpmk1 phosphorylation.
RAS2 regulates the expression of FGL1 during infection of wheat.
In F. graminearum, Gpmk1 regulates the induction of secreted enzymes hypothesized to be required for pathogenesis (Jenczmionka and Schafer 2005) . FGL1, which encodes a secreted lipase required for virulence, is induced during colonization of wheat (Voigt et al. 2005 ) through an unknown mechanism of induction. Based on our observation that RAS2 regulated the phosphorylation of Gpmk1, we hypothesized that expression of FGL1 was reduced in the ras2 mutant during colonization of wheat. To test this hypothesis, we measured FGL1 expression in strains PH-1, FR-1, and RC-1 after 7 days of growth on wheat heads. In the ras2 strain, expression of FGL1 was reduced by 50% compared with the wild-type or complemented strain (Fig. 8) .
To determine whether FGL1 is regulated by Gpmk1, we measured expression of FGL1 in the wild-type and gpmk1 strains. Because mutants of Gpmk1 are essentially apathogenic on wheat, we grew cultures of the wild-type and the gpmk1 strain in 2% wheat germ oil medium as described by Voigt and associates (2005) . After 4 h of growth in the presence of wheat germ oil as the sole carbon source, expression of FGL1 was reduced by 50% in the gpmk1 strain relative to the wild type (data not shown). We conclude that RAS2 modulates the activation of Gpmk1 to regulate the expression of FGL1 and possibly other genes encoding enzymes required for pathogenesis. 
DISCUSSION
Ras proteins constitute a family of highly conserved regulatory proteins that are found in most, if not all, fungi. The genome of F. graminearum contains two genes encoding Ras GTPases, as do other filamentous ascomycetes for which sequenced genomes are available, including M. grisea, Aspergillus nidulans, and N. crassa. A phylogenetic analysis of Ras GTPases from these and other fungi indicates the presence of two distinct clades. However, it is difficult to predict the exact functions of Ras proteins based on phylogeny alone. Orthologs of RAS1 have been implicated in regulating spore germination in several filamentous ascomycetes, including A. nidulans and Penicillium marneffei (Boyce et al. 2005; Fortwendel et al. 2005) . In Colletotrichum trifolii, the causal agent of alfalfa anthracnose, disruption of the gene (Ct-ras) encoding an ortholog of RAS1 proved lethal, but expression of a dominantly active mutation of Ct-ras caused abnormal growth and differentiation (Ha et al. 2003) . The role of RAS1 in F. graminearum is unknown; however, the difficulties we encountered in knocking it out indicate that it may be an essential gene, as is its homolog in M. grisea (Park et al. 2006) .
The functions of RAS2 orthologs are also diverse among filamentous fungi. In A. fumigatus, disruption of rasB causes a phenotype similar in many respects to that of the ras2 mutant of F. graminearum; both mutants are reduced in growth and virulence, but are unaffected in conidiation (Fortwendel et al. 2005) . However, disruption of the orthologous gene in N. crassa (Ras-2) results in a dramatic reduction in conidiation in addition to reduced growth (Kana-uchi et al. 1997) . In F. graminearum, disruption of RAS2 had no effect on the production or viability of asexual spores; however, the inability of the ras2 mutant to form perithecia indicates that RAS2 regulates at least some aspects of sexual reproduction. However, the Spk1 MAP kinase pathway and mating processes are regulated by Ras1 in Schizosaccharomyces pombe (Papadaki et al. 2002) . Ras GTPases also play important roles in regulating mating responses and sexual reproduction in several basidiomycetes, including Ustilago maydis, Cryptococcus neoformans, and Schizophyllum commune (Lee and Kronstad 2002; Schubert et al. 2006; Waugh et al. 2003) . To our knowledge, RAS2 of F. graminearum is the first member of its clade demonstrated to play a role in plant infection or sexual reproduction in filamentous ascomycetes. If the functions of homologous genes are conserved in other plant-pathogenic ascomycetes, RAS2 and its homologs may present novel targets in strategies to control fungal diseases.
To unravel the mechanism through which RAS2 regulates pathogenesis in F. graminearum, we assayed the activation of the MAP kinases Mgv1 and Gpmk1. Although activation of Mgv1 was indistinguishable from the wild type in the ras2 mutant, disruption of RAS2 significantly impaired the activa- Fig. 6 . RAS2 does not regulate cAMP signaling. A, Germination experiments were performed with conidia from strains PH-1, FR-1, and RC-2 in the presence and absence of 10 mM cAMP. Conidia of strain FR-1 germinated more slowly than PH-1 or RC-2, and exogenous cAMP delayed germination in all three strains. B, Intracellular levels of cAMP were measured in tissue collected from 3-day-old liquid cultures of strains PH-1, FR-1, RC-2, and mac1. cAMP levels are presented in fmol/mg ± standard error of three independent experiments. tion of Gpmk1. Phenotypically, the ras2 mutant shares many similarities with strains disrupted in Gpmk1. Gpmk1 is essential for sexual reproduction and pathogenicity in F. graminearum (Jenczmionka et al. 2003; Urban et al. 2003) , and its orthologs regulate plant infection processes in other fungal species (Mey et al. 2002; Ruiz-Roldan et al. 2001; Solomon et al. 2005; Xu 2000; Xu and Hamer 1996) . During infection of wheat, both the ras2 and gpmk1 mutants are significantly reduced in virulence despite producing DON in inoculated wheat kernels. Gpmk1 was demonstrated to regulate the secretion of lipolytic activities that are induced in the presence of wheat germ oil and are hypothesized to be involved in virulence (Jenczmionka and Schafer 2005) . Recently, a gene encoding a secreted lipase (FGL1) was identified as a virulence factor in F. graminearum; in a manner similar to ras2 and gpmk1 mutants, the fgl1 mutant is unable to spread from colonized wheat kernels and fails to infect maize ears (Voigt et al. 2005) . We found that expression of FGL1 is reduced by 50% in the ras2 mutant compared with the wild type during growth on wheat heads, and expression of FGL1 also is substantially lower in the gpmk1 mutant relative to the wild type in the presence of wheat germ oil. We hypothesize that RAS2 regulates the induction of extracellular enzymes required for virulence, and that this regulation occurs through activation of Gpmk1. In Saccharomyces cerevisiae, the MAP KKK Ste11 is regulated by Ste50, which contains an RA domain required for delivery to the plasma membrane (Truckses et al. 2006) . In M. grisea, Mst50 and Mst11 (homologs of yeast Ste50 and Ste11, respectively) are important for activating the Pmk1 MAP kinase pathway ) and interact with Ras1 and Ras2 in yeast two-hybrid assays (Park et al. 2006) . Of the three proteins containing RA domains predicted to be present in F. graminearum, two are putative orthologs of Mst11 and Mst50. We recently found that Mst11 is essential for activating Pmk1 and plant infection in M. grisea (Park et al. 2006 ). Conceivably, Ras2 may interact with homologs of Ste50 or Ste11 to regulate the induction of Gpmk1 in F. graminearum.
The precise mechanism through which structurally similar Ras proteins regulate distinct signaling pathways in fungi is unclear. The proteins predicted to be encoded by RAS1 and RAS2 of F. graminearum differ primarily in their HV domains, which facilitate insertion into the inner leaflet of the plasma membrane. In mammalian systems, accumulating evidence indicates that Ras proteins are specifically targeted to discrete microdomains of the plasma membrane (i.e., lipid rafts) (Parton and Hancock 2004) . In the emerging model, lipid rafts act as sorting mechanisms that facilitate the recruitment or co-localization of Ras GTPases and other proteins involved in signal transduction. Among fungi, lipid rafts were first demonstrated to occur in S. cerevisiae (Bagnat et al. 2000) and recently have been implicated in the concentration of virulence determinants in C. neoformans (Siafakas et al. 2006) , although the interaction of fungal Ras proteins with lipid rafts has not been demonstrated. Another mechanism that could explain the specificity of Ras signaling is interactions with effector proteins such as guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). Ras GEFs promote the formation of active Ras-GTP by stimulating GDP/GTP exchange, whereas Ras GAPs promote the formation of inactive Ras-GDP by increasing the rate of GTP hydrolysis (Mitin et al. 2005) . Ras GEFs and Ras GAPs have been characterized in S. cerevisiae and other fungi (Camus et al. 1994; Müller et al. 2003; Schubert et al. 2006; Tanaka et al. 1990 ). The genome of F. graminearum is predicted to contain at least four genes encoding proteins with Ras GEF domains and two genes encoding proteins containing Ras GAP domains. Functional analysis of each of these genes will be required to determine their role, if any, in pathogenesis.
Based on our findings, we hypothesize that Ras2 of F. graminearum activates the Gpmk1 pathway to modulate signal transduction networks underlying pathogenesis in F. graminearum, including the induction of cell-wall-degrading enzymes such as Fgl1. The characterization of RAS2 provides a new avenue of study to unravel the complex interactions that control pathogenesis in F. graminearum. Perhaps most significantly, Ras2 and regulators of Ras2 activity such as lipid microdomains and Ras effector molecules could provide novel targets to control diseases caused by F. graminearum and possibly other plant-pathogenic fungi.
MATERIALS AND METHODS
Fungal strains and growth conditions.
F. graminearum wild-type strain PH-1 (NRRL 31084) and transformants generated in this study (including FR-1, RC-1, and RC-2 described below) were maintained at 25ºC on V8 agar or cultured in liquid CMC medium for conidiation (Hou et al. 2002) . Transformants were selected on CM supplemented with hygromycin B (Calbiochem, La Jolla, CA, U.S.A.) at 150 μg/ml or neomycin (Amresco, Solon, OH, U.S.A.) at 200 μg/ml. Growth and morphology were evaluated by culturing strains on V8, CMC, or PDA (BD, Sparks, MD, U.S.A.). Diameters of colonies formed on 150-by-15-mm petri plates were measured daily for 3 days (Hou et al. 2002) . Formation of perithecia was assayed on modified carrot agar plates as described by Bowden and Leslie (1999) . Intracellular cAMP was extracted from mycelia collected from 3-day-old 5× YEG (yeast extract glucose) liquid cultures as previously described (Nishimura et al. 2003) and quantified with the cAMP enzyme immunoassay system (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.) following the manufacturer's instructions.
Generation of a RAS2 gene replacement mutant.
A split-marker gene-disruption approach (Catlett et al. 2003 ) was used to delete RAS2 (FG10114). A 556-bp fragment upstream from RAS2 was amplified with primers EcoRAS (5′ CT TGGAATTCGACCTGGACTTG 3′) and FseRAS (5′ CATTC GGCCGGCCATG 3′) to incorporate EcoRI and FseI restriction sites (underlined) into the product. A 560-bp fragment downstream from RAS2 was amplified with primers AscRAS (5′ CAAATCGGCGCGCCAACAACGA 3′) and BglRAS (5′ CGACAATAGATCTTCATGTCTGGCG 3′) to incorporate AscI and BglII sites (underlined). These products were sequentially cloned into pCX63 (Zhao et al. 2004 ) to generate the RAS2 gene replacement construct pHYG-RAS. Products for split-marker disruption were generated by PCR from pHYG-RAS with primer sets EcoRAS and fHYG (5′ AGGGTGTCAC GTTGCAAG 3′) as well as BglRAS and rHYG (5′ ATGCCTC CGCTCGAAGT 3′). In all, 5 μg of each split-marker product were purified and used for transformation. Hygromycin-resistant colonies were screened by PCR with primers RasS1 (5′ C CGTCCGGTAACAGCTCTG 3′) and Hyg5R (5′ CGATCAGA AACTTCTCGACAG 3′) and with primers RasS2 (5′ TCGAG CGTAGCGTTCCGATG 3′) and Hyg3F (5′CGATAGTGGAA ACCGACG 3′). An isolate that tested positive with both primer sets (designated FR-1) was confirmed by Southern analysis as described below.
For complementation, a 3.5-kb segment of the RAS2 gene encompassing the open reading frame, 1.7 kb of the promoter region, and 0.9 kb of the terminator was amplified with primers RasCF (5′ AATAGCGGCCGCGTTCAGTGTGGCAGAG A 3′) and RasCR (5′ ATAAGCGGCCGCAGTCGCTATCTTA GTGGA 3′) to incorporate NotI restriction sites (underlined) at both ends of the product. Primers NeoF (5′ AATACCCGGG ATTAACGCTTACAATTTCCATTCGCCA 3′) and NeoR (5′ A TAACCCGGGAATAGGAACTTCGGAATAGGAACTTCA 3′) were used to amplify the neomycin resistance cassette from pSM334 (Hou et al. 2002) and incorporate XmnI restriction sites (underlined). The resulting 2.1-kb fragment was cloned into an XmnI site on the pBC KS backbone to create pHZ100, which then was digested with NotI for the insertion of the Ras complementation fragment to create pRasCOMP. Strain FR-1 was transformed with pRasComp to create strains RC-1 and RC-2.
Southern analysis was performed according to standard protocols as described by Sambrook and Russell (2001) . Genomic DNA (10 μg) from strains PH-1, FR-1, and RC-1 was digested with BamHI, separated on a 0.7% agarose gel, and transferred to nylon membranes. High-stringency hybridization was performed with a 32 P-labeled probe spanning the open reading frame of RAS2. The probe was amplified from genomic DNA from strain PH-1 using primers RasPrbF (5′ ATGGCCGGCCG AATGGTACTAT 3′) and RasPrbR (5′ CATAATACCACGCAT TTAGACT 3′).
Analyses of gene expression.
The expression of RAS1 (forward primer: 5′ GTGTCACGA CAGGAGGGAGAG 3′, reverse primer: 5′ GCCTTGTCGAC ATTGATTCGAGACT 3′), RAS2 (forward primer: 5′ TTTGTT GAAACTTACGACCCCACGAT 3′, reverse primer: 5′ GCGG TGTCCAGTACTTCGAGC 3′), and FGL1 (forward primer: 5′ GCATCCTTCACGGATCCAAGACTG 3′, reverse primer: 5′ AGTTGCGGATGTTGATGCTACCA 3′) was measured by realtime quantitative PCR (qPCR). RNA was extracted from wheat heads or liquid cultures with Trizol reagent (Invitrogen, Carlsbad, CA, U.S.A.) and cDNA template for qPCR was prepared as described previously (Bluhm and Woloshuk 2005) . All expression data were normalized to TUB2 expression (forward primer: 5′ GTCAGTGCGGTAACCAAATCGGT 3′, reverse primer: 5′ CTCAGAGGTGCCGTTGTAAACACC 3′) and relative changes in gene expression were calculated with the comparative Ct method (Applied Biosystems, Foster City, CA, U.S.A.).
Corn silk and wheat infection assays.
Fresh corn silks were inoculated with mycelia collected from 5-day-old V8 agar cultures and incubated at 25ºC in a moisture chamber for 4 to 5 days as described by Seong and associates (2005) . Five-to six-week-old plants of wheat cv. Norm were used in infection assays with conidia collected from 5-to 7-day-old CMC cultures as described by Hou and associates (2002) . The third full-sized spikelet from the base of the inflorescence was injected with 10 μl of the conidium suspension (10 6 conidia/ml). After inoculation, wheat heads were covered with a small plastic bag for 2 days to maintain humidity. Symptomatic spikelets in each head were counted 14 days after inoculation and disease index scores were calculated as described by Hou and associates (2002) . The number of inoculated wheat heads per treatment was 9 or 10 for each test and all tests were repeated at least four times.
Analysis of ergosterol and DON production.
Ergosterol levels were measured in individually inoculated wheat kernels after 7 days of growth as described by Bluhm and Woloshuk (2005) . For DON analysis, wheat spikelets (five per fungal strain) were inoculated as described above and kernels were analyzed individually. Maize kernels were prepared and inoculated essentially as described by Bluhm and Woloshuk (2005) . Autoclaved kernels (5 g) were placed in sterile scintillation vials, inoculated with 10 4 conidia, and incubated at 24ºC for 10 days. Maize and wheat kernels were extracted and analyzed as described by Lauren and Greenhalgh (1987) with minor modifications. Kernels were ground under liquid N 2 and extracted with acetonitrile/water (85:15, vol/vol) with shaking for 2 h. Liquid chromatography was performed with a Beckman high-performance liquid chromatograph, mobile phase acetonitrile/water (10:90, vol/vol) at 1 ml/min, with detector wavelength set at 218 nm. The retention time for DON was 8.1 min. Quantification was performed by comparing peak areas of samples to those of an external standard of DON (Sigma, St. Louis).
Western blot analysis.
Total proteins were isolated from vegetative hyphae as described previously (Bruno et al. 2004 ) and separated on an 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (approximately 20 μg/lane) and transferred to nitrocellulose membranes. Antigen-antibody detection was performed with the ECL Supersignal System (Pierce, Rockford, IL, U.S.A.). The Mgv1 and Gpmk1 MAP kinases and their levels of TEY phosphorylation were detected with the PhophoPlus p44/42 MAP kinase antibody kit (Cell Signaling Technology, Beverly, MA, U.S.A.) following the manufacturer's instructions.
GenBank accession numbers.
Accession numbers were AAO19640 for Ras1 and AAO19639 for Ras2 of U. maydis, AAQ94235 for RasA and AAP94030 for RasB of A. fumigatus, CAA37612 for Ras-1 and BAA03708 for Ras-2 of N. crassa, AAQ04628 for Ras1 and AAT27446 for Ras2 of Paracoccidioides brasiliensis, XP_369310 for Ras1 and XP_364654 for Ras2 of M. grisea, and AY805204 for Exserohilum turcicum EST 1A11.
